Twenty QT intervals selected at random from the middle periods of rapid eye movement (REM) and quiet sleep were measured in 12 normal infants studied at 2 weeks and 1,2,3, and 4 months of life. A digitizing system, consisting of a precision rotational potentiometer mounted on a pair of calipers and an A/D converter, was used for measurements. An accuracy of 2 2 msec was achieved by high resolution of the digitized signal and calibration of each QT measurement with an accurately generated time code. Sleep staging was done visually using an electroencephalogram (EEG), an electrooculogram (EOG), a submental electromyogram (EMG), and behavioral criteria. Our results show that the QT index (QT, = Q T /~) was significantly greater during quiet sleep (mean = 0.439) than during REM sleep (mean = 0.433) (P < 0.01) and that this difference existed at all ages studied.
Summary
Twenty QT intervals selected at random from the middle periods of rapid eye movement (REM) and quiet sleep were measured in 12 normal infants studied at 2 weeks and 1,2,3, and 4 months of life. A digitizing system, consisting of a precision rotational potentiometer mounted on a pair of calipers and an A/D converter, was used for measurements. An accuracy of 2 2 msec was achieved by high resolution of the digitized signal and calibration of each QT measurement with an accurately generated time code. Sleep staging was done visually using an electroencephalogram (EEG), an electrooculogram (EOG), a submental electromyogram (EMG), and behavioral criteria. Our results show that the QT index (QT, = Q T /~) was significantly greater during quiet sleep (mean = 0.439) than during REM sleep (mean = 0.433) (P < 0.01) and that this difference existed at all ages studied.
Speculation
Sleep states are shown to have detectable effects on the duration of ventricular repolarization as measured by the QT interval. We speculate that this sleep state-related difference in the QT interval may be caused by an increased sympathetic activity in REM sleep.
Prolongation of the QT interval has been implicated in the genesis of ventricular fibrillation and sudden death (17, 20, 24) . Such prolongation of the QT interval has been postulated to occur in REM sleep (20) , which occupies a greater proportion of sleep in very young infants. This might, therefore, predispose to sudden death during sleep (sudden infant death syndrome or SIDS). Before being able to evaluate the QT interval during sleep in the infant at risk for SIDS, it is necessary to examine the effect of sleep state on the QT interval in normal infants. In this study, we measured the QT interval in both quiet and REM sleep in order to determine the relation of the sleep state to the repolarization process of the ventricles in normal infants during the first 4 months of life.
MATERIALS AND METHODS

PATIENT POPULATION
Thirty-seven studies were performed in 12 normal infants during sleep. Pregnancy, delivery, and neonatal course were uneventful. Birth weight ranged from 2900 to 4560 g and gestational age from 38 to 42 weeks. There were seven males and five females. Written informed consent was obtained from the parents of all infants. Infants were studied for 2 to 3 hr after the midmorning feed at 2 weeks and 1,2,3 and 4 months of age. Ten infants were studied three to five times; two infants were studied only once.
None of the infants was on any medication and none had any clinical evidence of electrolyte imbalance. There was no history of SIDS in their siblings nor was there a family history of deafness, an abnormality that has been associated in many instances with prolongation of the QT interval (14) . Eight infants are now over I year old; all have normal neurologic and developmental examinations. Conventional 12-lead electrocardiograms performed at the time of each study were normal in all infants.
NEUROPHYSIOLOGIC AND ELECTROCARDIOGRAPHIC SIGNALS
Standard surface electrodes were used to record the following signals: 1) C4-A1 EEG, 2) single bipolar EOG, 3) submental EMG, and 4) bipolar chest electrocardiogram. The electrocardiogram (ECG) electrodes were placed on the anterior chest, one to the left of the manubrium and the other 1 to 5 cm inferiorly and to the left of the first electrode. The electrode position was not changed during a study. There was no detectable electrical noise on any signal. All signals, including an infant behavioral code, were recorded on a polygraph. The behavioral code included such somatic activities as movements of the extremities, facial grimaces and sucking, total body movements, and whether the eyes were open or closed. The frequency response of the ECG system was 0.05 to 200 Hz. The raw data (EEG, EOG, EMG, ECG, and behavioral code) and a computer-generated time code with an accuracy of 0.02% were recorded simultaneously on analog magnetic tape (IRIG intermediate band, frequency response 0-312 Hz) for future display and analysis. Sleep staging was visually performed on 30-sec epochs by two independent observers using the EEG, EOG, EMG, and behavioral code (3).
MEASUREMENT OF QT INTERVAL DURING SLEEP
To measure and analyze the QT interval, short periods of 1-2 min of the ECG and time code signals were chosen from the middle of REM and quiet sleep periods for playback onto the polygraph which was run at 100 mm/sec. The tape recording and playback speeds were the same. Twenty QT intervals were selected from each of these periods for measurement using tables of random numbers (9) . Approximately 2000 QT intervals and their corresponding RR intervals were measured. Only studies in which the end of the T wave could be clearly defined were included in this series.
Since studies in newborn and young infants have shown that the heart rate decreases as a function of time during sleep (19) , all QT and RR measurements were chosen from the middle of each stage during the first sleep cycle to allow consistent sampling. The QT intervals in REM sleep were selected to coincide with periods of actual rapid eye movements.
A digitizing system, consisting of a precision rotational potentiometer (Computer Instruments Corp., New York, NY) mounted on a pair of calipers, and an A/D converter, was used for these measurements. For maximal precision, each measurement was sampled 100 times and averaged by a minicomputer. To avoid dependence on the accuracy of the tape recorder and the polygraph drives, the electronically generated I-sec interval was recorded continuously and used for calibration of each QTand RR measurement. The end of the T wave was determined by placing a straight edge on the isoelectric line and another on the final slope of the T wave. Error analysis of our technique disclosed a total potential error of 2 msec or less. Although the nonlinearity of the potentiometer was eliminated by softwave linearization, the potential errors were mainly due to the A/D conversion and the frequency response of the polygraph. There was no measurable distortion of the ECG signal by the taping system.
The heart rate corrected QT interval or QT indexlqT,) was calculated using Bazett's formula (6), QT, = QT / J R R , and is reported as a dimensionless value. The mean of 20 QT indices was determined for each sleep state in each study. Paired t test and sign tests were used for statistical analysis.
RESULTS
The QT index during the first 4 months of life ranged from 0.384-0.466 in REM sleep and from 0.391-0.479 in quiet sleep. In 27 of 37 studies, the QT index was greater in quiet than in REM sleep (P < 0.01, sign test). Although the mean difference was not large, the paired t test for the data taken as a whole confirmed that the QT index in REM (mean = 0.433, SD = 0.017) was smaller than the QT index in quiet sleep (mean = 0.439, SD = 0.019) ( P < 0.01). Despite the relatively small number of subjects, the difference existed at all ages studied and was significant at 1, 3, and 4 months of age (P < 0.05, paired t test) (Fig. 1) . Since the placement of the ECG electrodes on the chest varied from study to study and the axis of the heart changes with age, comparison of absolute QT, values at different ages could not be done.
DISCUSSION
The present study demonstrates that the QT index is greater in quiet than in REM sleep in normal infants. The wider frequency response of our equipment along with the faster paper speed, accurate time reference code, and computer-assisted averaging procedure allowed us to evaluate the QT interval with more accuracy than is possible by conventional methods. The small difference we observed between quiet and REM sleep may not be detectable with conventional equipment. However, all of the values we found in sleeping infants fall within the wide range generally accepted as normal (2, 18, 25). Although Harper et al. (12) failed to demonstrate an effect of sleep state on QT interval, the results of these investigations may not be comparable with ours since they measured the time interval between the onset of the QRS and the peak of the T wave rather than to the end of the T wave.
Correction of the QT interval for heart rate using Bazett's formula may not be ideal, since it assumes that the relationship between the QT and RR intervals remains the same throughout the entire range of RR intervals. Although more recent studies have led to the development of better-fitting functions (23), Bazett's method of correcting the QT interval for heart rate is adequate when the RR intervals are in a range similar to ours and when differences in heart rate between the two states is small (23) . Investigation of the QT-RR relation in our data showed a linear dependence of the QT on the RR interval in some studies and an absence of such dependence in others. In the latter group, the range of the RR interval was too small (30-50 msec) for the QT interval to show any clear dependence. These and other studies from this laboratory (16) demonstrate that the RR interval is shorter in REM than in quiet sleep. Therefore, the use of Bazett's or other methods (23) would tend to minimize the observed difference in the QT, between REM and quiet sleep.
In the absence of electrolyte disturbances or drug intake, the QT index varies with the activity of the autonomic nervous system (10, 11, 15, 22) , which is known to vary with the sleep state (4, 5, 13) . Experimental studies have indicated that REM sleep, in the presence of actual eye movements, is characterized by an increase in sympathetic activity while quiet sleep is characterized by an increase in parasympathetic activity (4, 5, 13) . We believe that the differences in QT index in REM and quiet sleep reflect differences in the relative activity of the sympathetic and parasympathetic nervous systems in the two sleep states.
Although there are no direct experimental data on the duration of ventricular repolarization during the various sleep states, indirect evidence suggests that the autonomic nervous system regulates the duration of repolarization during sleep. Several investigators have found that bilateral surgical ablation of the cardiac sympathetic nerves results in an increase in the refractory period (I I, 21, 22) . Epinephrine and isoproterenol increase the negative slope of the second phase of repolarization and decrease the plateau time of the action potential increasing the rate of repolarization in isolated Purkinje fibers; / 3 blockade inhibits the effect of these sympathomimetic agents (10) . Continuously infused catecholamines in vivo also shorten the QT interval (I). Although the duration of repolarization and the duration of the QT interval are not always correlated, in general, a shorter repolarization results in a shorter QT interval (I, 24). Therefore, a smaller QT index in REM sleep is consistent with an increase in sympathetic discharge. On the other hand, vagal stimulation results in a prolongation of the refractory period and prolongation of ventricular repolarization (15, 22) . However, previous data have shown no dramatic effect of acetylcholine on the rate of repolarization of the mammalian ventricle (8) . Thus, we believe that the small sleep staterelated difference in the duration of the QT interval is mainly caused by an increased sympathetic activity in REM sleep, leading to a shortening of the QT interval.
Several investigators have postulated that the etiology of SIDS might be related to an abnormal prolongation of the QT interval in sleep (7, 17, 20) , especially REM sleep (20) . The present study demonstrates that, in normal infants, the QT index is smaller in REM than in quiet sleep. Thus, it provides data for the evaluation of the sleep state-related differences in the QT interval in the infant at risk for SIDS. 
